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INTRODUCTION 
The field of muscle research has experienced a proliferation, both in 
numbers of workers and in research reports concerning their activities. 
There has also been a large number of symposia and reviews dealing with 
muscle structure, function, and contraction. Conspicuous by their absence j 
are answers to basic questions regarding molecular phenomena associated 
with muscle contraction. A logical deduction from this void might be that 
present systems for investigation of the problem are not ideally suited to 
allow certain critical experiments to be performed. With this possibility 
I 
in mind, the research to be reported here was designed and conducted. 
The primary purpose of this study was the structural examination of 
rigor-shortened striated muscle in order to determine whether or not this 
system might serve as a useful model of muscle contraction. Two logical 
outgrowths from this primary purpose were the examination of the effects 
of temperature on this shortening and the effects of various solvents on 
the structure of both pre-rigor and rigor muscle. Since post-mortem 
myofibrils might be structurally affected by catheptic enzymes, the effect 
of the proteolytic enzyme, trypsin, on pre-rigor and rigor muscle was also 
investigated. 
With regard to the limitations of this study, it should be pointed 
out that the intricacies of electron microscopy, while allowing careful 
scrutiny of the macromolecular level, place heavy responsibility on the 
integrity and observational acuity of the investigator. Therefore, it has 
been the author's objective to emphasize typical appearances of the experi­
mental material rather than extreme or unusual features. 
Extrapolations from this study should be made only with considerable 
2 
care. These observations are made on one species, and the findings, there­
fore, may not be applicable to others; time and economic considerations 
made the study of other'species impractical. Furthermore the animals used 
were from a heterogeneous background, and the dissimilar environmental 
conditions that were present just prior to exsanguination could contribute 
variations in the structural characteristics of the samples. 
The extension of this work to include some common laboratory animals 
such as the rat and guinea pig would be useful. For a more complete 
characterization, other physical methods, such as x-ray diffraction, should 
be used to study this system in conjunction with microscopy to determine 
if parameters comparable to those reported for other model systems do 
exist. 
3 
REVIEW OF LITERATURE 
When viewed through a light microscope at a magnification of approxi­
mately 400 diameters, vertebrate striated muscle is seen to have alternat­
ing light and dark "bands along its length. Under polarized light, the light 
hand is not hirefringent or is isotropic and the dark hand is strongly biré­
fringent or anisotropic. Because of these features, the light band has been 
termed the I-band and the dark band is called the A-band. In suitable prep­
arations, a dark line, the Z-disc, is seen in the center of the I-band, and 
a lighter zone, the H-zone,~is found in the center of the A-band. 
The ultrastructure of striated muscle has been investigated and char­
acterized, most notably, by i.uxley (1953a,b,1963,196Ua), and Huxley and 
Niedergerke (195^). The common conclusion of these, and other workers is 
that striated muscle consists of a double array of interdigitating thick 
and thin filaments, the latter being attached at one end to the Z-line 
and extending into the A-band between adjacent, thick filaments. The 
thick filaments, on the other hand, are not attached to a structural ele­
ment and make up the A-band. Thus, the I-band contains only thin fila­
ments while the A-band contains both thick and thin filaments. The H-zone 
represents the area not occupied by interdigitating thin filaments extend­
ing into the A-band in opposite directions from adjacent Z-discs. In a 
cross section through the A-band of normal resting muscle, a hexagonal 
arrangement of six thin filaments surrounds each thick filament except in 
the area of the H-zone where only thick filaments are seen. A similar 
section through the I-band reveals only thin filaments. Thus, electron 
microscopy has shown how the striated appearance of skeletal muscle 
originates from an array of protein filaments. 
The overall, striated appearance of skeletal muscle under the light 
microscope arises-"because adjacent cells are in register, i.e. their A 
I 
and I-bands and other structural entities are aligned at right angles to 
the long axis of the cells. A feature not seen in the light microscope 
but present when muscle is viewed using the electron microscope is a dark 
line in the center of the H-zone. This line is called the M-line and for 
several years was thought to be due to a projection or knob on the thick 
filament. Recent observations by Huxley (1966) have led to the proposal 
that the M-line is largely, or totally caused by three to five sets of 
cross bridges between adjacent thick or myosin filaments. These bridges 
presuma"bly act to keep the thick filaments in register in each A-band. 
The ultrastructure of the Z-line has been studied by Knappeis and 
Carlsen (1962). Longitudinal sections show that a thin or I-filament on 
one side of the Z-line lies between two I-filaments on the other side of 
the Z-line. Cross sections through the Z-line show a tetragonal pattern 
with one I-filament attached to four Z-filaments. The evidence suggests 
that, as it approaches the Z-line, one thin filament separates to form 
four Z-filaments that extend through the Z-disc to join four thin fila­
ments that form the corners of a regular rhombus; the original thin fila­
ment lies in the center of the rhombus. The I-filaments, thus, are not 
continuous through the Z-line. 
The sarcoplasmic reticulum is another important and characteristic 
component of muscle structure. This structure is, in many ways, analogous 
to the endoplasmic reticulum of other cells. However two striking dif­
ferences from ordinary endoplasmic reticulum have been described by Porter 
and Palade (1957) and Franzini-Armstrong and Porter (196U). First, the 
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sarcoplasmic reticulum is divided into two parts, the L or longitudinal 
system and the T or transverse system. The L system, as its name implies, 
runs predominately parallel to the long axis of the fibers. However, the 
T system runs transversely to the long axis of the fiber and is continuous 
with the cell membrane or saroolemma as shown by Franzini-Armstrong and 
Porter (1964) in fish muscle. Similar continuity has been demonstrated 
by Huxley using ferritin with frog muscle (1964). It has been postulated 
that the function of the T system is to conduct the impulse or wave of 
depolarization from the sarcolemma to the interior of the fiber. From 
the T-system, the impulse is carried to the entire cell by the elements 
of the L-system, so that the impulse is rapidly conducted to the center 
of a muscle fiber and coordinated, useful movement can result. 
Wot all striated muscles fit the above pattern. One such exception 
is the striated muscle of the horseshoe crab, 'Limiilus Polyphemus. 
de Villafranca and Philpott (1961) reported the presence of A, I and Z-
bands but no M-lines or H-zones in horseshoe crab striated muscle. When 
tension was exerted on the muscle, thin filaments were found in the A-band; 
when the muscle was completely relaxed, only A or thick filaments were 
seen in the A-band. These authors suggest that'Limùlus striated muscle 
represents an intermediate between "classical" smooth and striated muscles. 
The proteins of the myofibril and their macromolecular organization 
forming the thin and thick filaments have also received extensive attention. 
The thick filaments of vertebrate muscle have been shown to have diameters 
o 
of 150 to 170 A and are usually 1.5 to 1.6^ long. Page and Huxley (1963) 
demonstrated that although thick filaments do not contract when a muscle 
shortens buffered osmium tetroxide fixatives may cause as much as 10% 
6 
shortening in I-filaments and 6-7% shortening in the A-filaments in muscle 
free to contract. Cross bridges protrude from the thick filaments toward 
the six thin filaments surrounding it. These projections originate from 
the thick filaments rather than from the thin filaments since projections 
are seen either in the H-zone or at the periphery of a cell where no thin 
filaments are found. The periodicity of thick filaments as shown by X-ray 
1 o 
diffraction is U32 A (Elliott, 19^5) so that six cross bridges are assumed 
to be helically arranged around the thick filament; each projection is 
o 
located 60-70 A along the filament and rotated 60° from the preceding pro­
jection. Huxley has some electron microscopic evidence corroborating this 
suggestion (1963). In the center of the thick filaments, these projections 
are absent and gives rise to a narrow light zone on either side of the 
M-line called the pseudo-H-zone. 
Selective extraction procedures reported by Huxley and Hanson (195^) 
and by Szent-Gyorgyi, et al. (1955) and work with fluorescent antibodies 
by Szent-GySrgyi and Holtzer (1963a,1963b) and by Pepe (1966) have shown 
that the thick filaments are composed almost entirely of the protein, 
myosin. The other two major myofibrillar proteins, actin and tropomyosin, 
are found in the thin filaments. Perry and Corsi (1958) found that actin 
-s 
and tropomyosin are extracted together by suitable media and that, even 
when absolute amounts vary, the proportions of the two proteins are rela­
tively constant. Through the use of negative staining. Bice (l96la,1961b) 
has succeeded in visualizing myosin molecules in the electron microscope 
and found that the majority of molecules examined in this manner were rod-
o o 
shaped with a shaft 15-20 A in diameter and a globular head about il0-50 A 
o 
in diameter at one end. The average length was 1520 + 15O A. More 
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recently, similar electron microscopic studies (Zobel and Carlson, 1963) 
o 
have shown that the length of the myosin molecule is close to I600 A, in 
agreement with hydrodynamic studies (Szent-GyBrgyi, 1960). 
According to Huxley (1963), a thick filament is formed by side-to-side 
packing of myosin molecules with the tail or rod-shaped end of the 
molecules composj.ng the shaft of the thick filament, and the globular head 
gives rise to the cross-bridges projecting from the thick filament. Both 
natural and synthetic myosin filaments are free of cross-bridges near 
their mid-point, so that the center of the thick filament is probably 
I 
composed of only the tail portions of the myosin molecule with the head 
parts directed toward opposite ends of the filament. 
The first report on the interaction of trypsin with myosin was that 
of Gergely (1950) who observed that viscosity of myosin solutions was 
greatly reduced without affecting its ATPase activity. Subsequent reports 
by Mihalyi (1953), Mihalyi and Harrington (1959), Mihalyi and Szent-
GyQrgyi (l953a,1953b) Perry (1960), and Szent-GySrgyi (1953) showed that 
trypsin split the myosin molecule into two particles. The lighter or 
slower.sedimenting particle was named light meromyosin (LMM), and the 
faster sedimenting particle was named heavy meromyosin (HMM). HMM is 
water soluble and retains all the ATPase activity found in the original 
myosin molecule. It was later demonstrated that chymotrypsin (Gergely, 
1955) and subtilisin (Middlebrook, 1959) could cause the same cleavage. 
Both HMM and LMM have been studied in the electron microscope (Huxley, 
o 
1963). LMM preparations consist of rod-shaped molecules about 8OO A long 
o 
and 14-15 A in diameter, whereas HMM preparations are made up of globular 
molecules each possessing a small tail-like projection. The overall 
length of HMM molecules is about 800. A, and the globular portion is 40-$0 
o 
, A in diameter. This picture suggests that trypsin, chymotrypsin, and 
subtilisin all cleave the myosin molecule near its center. Huxley (1963) 
prepared LMM by trypsin digestion and then adjusted conditions to cause 
molecular aggregations resembling thick filaments except that all projec­
tions on the filaments were absent. This information provides strong 
support for Huxley's theory of thick-filament formation where HMM forms 
the cross-bridges that interact with actin. 
Still another feature of the subunit structure of myosin is observed 
when myosin is subjected to 5M guanidine-HCl. This reagent acts to break 
hydrogen bonds and has been reported by Kielley and Harrington (I960) to 
dissociate the myosin molecule into three equal subunits, each having a 
molecular weight of 200,000. The current view is that each subunit exists 
in the myosin molecule as an a-helical peptide chain extending along the 
entire length of the molecule and that these three chains are then wound 
into a coiled coil, evidence for which has been supplied in myosin by 
X-ray diffraction measuranents (Cohen and Holmes, I963). In this model, 
the globular portion of the molecule represents a region where the coiled 
coil does not exist but, rather, where a random or loose arrangement of 
the three polypeptide chains is found. 
The second major type of filament is the thin or actin filament that 
o 
has a diameter of 70-80 A and a length of about Ip. Hanson and Lowy (1964) 
first visualized thin filaments directly in the electron microscope in 
several different species and, in all cases, could not distinguish synthet­
ically prepared, F-actin filaments from native, thin filaments prepared by 
relaxing glycerinated myofibrils in an ethylenediaminetetraacetic acid 
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(EDTA)-ATP-Mg solution. The filaments are made of two helically wound 
strands, each consisting of identical spherical subunits. The filaments 
o ^ o 
are 80 A in diameter, and each spherical subunit is $6 A in diameter. 
There are 13 subunits per ^urn and the cross-over points of the double 
o 
strands are spaced at intervals of 3^9 A. The globular subunits in this 
structure are presumably G-actin monomers. 
Use of a replica technique by Depue and Rice (1965) demonstrated that 
the two strands of G-actin are wound into a right-handed helix having 
o 
crossover points 313 10 A apart. These authors point out that a shrink­
age of 10% occurs in the length of tropocollagen when it is fixed for 
electron microscopy; if a similar value applies to F-actin, their figures 
agree with those obtained by Hanson and Lowy (196U). Page and Huxley 
(1963) and Page (196k), working with bc^th fresh and fixed muscle, report 
o 
a periodicity of hoG A along thin filaments obtained from frog, toad, and 
rabbit muscle. This figure is somewhat difficult to reconcile with the 
electron microscope pictures of thin filaments and may reflect the presence 
of tropomyosin in the thin filaments (Page, I96U). Using X-ray diffraction, 
Selby and Bear (1956) earlier found that a F-actin helix has a pitch of 
O 
700 A. Since the two subunit chains in the thin filaments are displaced 
relative to one another by half the diameter of a subunit, this figure 
agrees with the electron microscope data. The resultant periodicity of 
o 
the double helix is about 350 A, a distance which becomes of utmost impor­
tance when theories of contraction are considered. 
Several reports that tropomyosin is also associated with the thin 
filament have appeared in the literature (Perry and Corsi, 1958; Corsi 
and Perry, 1958; Hanson and Lowy, 196k)t Hanson and Lowy (1964) have 
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speculated that tropomyosin may be located in the surface grooves of the 
thin filament and may not be seen in electron micrographs since it is 
removed by fixation procedures. 
The composition of the Z-line was, for many years, a complete mystery. 
Corsi and Perry (1958) found that extraction of both actin and tropomyosin 
I 
caused a loss of the Z-line in addition to a nearly complete disappearance 
of material from the I-band and suggested that tropomyosin or actin or 
both may make up the Z-disc. More recently, Euxley (1963)' has observed, 
in cross sections through the Z-line, lattice structures that closely 
resemble those seen earlier by Hodge (1959) in tropomyosin crystals. This 
lattice structure was a regular open net with a spacing of either 200 or 
o 
400 A and with openings that are regular rhombuses with angles differing 
by 10° from 90°. Huxley (1963)"suggested that the net intersections be­
longed to two different planes, one lying on the other and displaced by a 
distance of y(2 times the original lattice spacing. These two lattices, 
thus superimposed, would correspond to the attachment points of two sets 
of actin filaments on either side of the Z-line. 
The components of the muscle cell have been examined in some detail, 
and now the mechanism of muscle contraction may be discussed. The sliding 
filament theory was independently proposed in 195% by A. F. Huxley and 
Niedergerke and H. E. Huxley and Hanson. The former study on frog muscle 
employed interference microscopy, and the latter used phase microscopy on 
rabbit psoas muscle. Briefly, this theory states that the thick and thin 
filaments slide past each other as striated muscle contracts which causes 
a disappearance of the H-zone and a narrowing of the I-band. As sliding 
proceeds, an overlapping of the thin filaments occurs at the center of the 
I 
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A-band, and a zone of greater density appears. When the I-hands disappear 
at about 6$% of rest length, contraction bands that are probably caused 
by a crumpling of the thick filaments from adjacent sarcomeres against 
the Z-line (Huxley, 1965a) begin to form. 
Proponents of the sliding filament theory (Page, 1964; Page and 
1 
Huxley, I963) have worked diligently to determine whether the filaments 
themselves actually shorten during contraction. All results indicate 
that there is no change in the overall length of the major part of the 
actin and myosin filaments when muscle becomes fully active and develops 
isotonic tension. These conclusions have been substantiated by Elliott 
e;fc (1965) vho used X-ray diffraction and found no change in repeat 
periodicity of muscle filaments. Therefore all banding changes observed 
in contracted muscle can probably be explained by a sliding of the 
filaments. 
Objections to the sliding filament theory have been voiced. Carisen 
et al. (1961) reported a change in filament length that depended on the 
length of the muscle and whether it was at rest or contracting isometrical-
ly or isotonically. Sjostrand (1964) observed no additional overlapping 
of filaments during active shortening, and Sonnenblick et al. (I963) 
described no change in overlap during a change in length of cardiac muscle. 
Huxley (I966) has attempted to duplicate the experiments performed by these 
workers and has refuted their claims. In spite of Huxley's efforts, cer­
tain objections to the sliding filament theory remain. 
Although not numerous, reports of shortening of the A-band persist, 
de Villafranca (1961) observed this phenomenon from measurements made by 
12 
phase microscopy on striated muscle and later by taking l6-mm cinemicro-
graphs of ATP-induced shortening of glycerinated muscle from LimUlus 
polyphémus. On the other hand, Galey {19(h) reported two patterns of con­
traction after electrical stimulation in experiments with frog muscle; 
in the first, a shortening of both the A and I-bands occurred, and in the 
second, the band changes were in agreement with Huxley's model. 
The phenomenon of A-band shortening has recently been studied in 
more detail by Stephens (I965). Glycerinated muscles from the horseshoe 
crab, Limilus'polyphémus, the lobster, Eomarus àmériéus, the crayfish, 
Càmbàrus Yirilus, and the swimming scallop, Pécteh irràdiàns, were examined 
by using ultraviolet microbeam inactivation and polarization microscopy. 
Because magnitude of A-band shortening varied directly with length of 
glycerol treatment, he concluded that A-band shortening during contraction 
is an artifact induced by glycerination. However, in all cases except 
Limulus muscle, the A-band shortening could be observed only when contrac­
tion occurred under tension. A brief trypsin treatment of glycerinated 
rabbit psoas myofibrils followed by ATP-induced contraction also caused 
A-band shortening. The reason for shortening of the A-band under tension 
rather than lengthening remains a complete mystery. 
Setlow and Pollard (1962) stated that the sliding filament model does 
not explain how a muscle can exert tension when it is stretched beyond the 
observed overlap of its filaments. These authors also indicated that the 
sliding filament model does not explain how a muscle can contract to 1/4 
of its length. However, Hoyle et al. (1965) have shown that thick fila­
ments may pass directly through the Z-line in supercontracted muscle and 
thus offers a possible explanation for tiie latter objection. 
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Most of the objections to the sliding filament theory have been 
satisfactorily answered, and the theory has now gained wide acceptance. 
Notably absent from the Huxley theory, however, is any speculation regard­
ing the type of bond or complex that is formed and broken as a muscle 
contracts and relaxes. Thus the mechanism whereby the chemical energy of 
ATP is transformed into the kinetic I energy of sliding or contracting 
remains as much a mystery as ever. Through Huxley's findings, a detailed 
structure has been supplied in which this energy conversion must occur, 
but an apparent paradox exists since cleavage of ATP is needed for muscle 
contraction and yet can also cause a dissociation of the actomyosin complex 
and thus effect relaxation (Yagi et. al., I965). The explanation of these 
phenomena in terms of the sliding filament mechanism would contribute sub­
stantially to our understanding of muscle contraction. 
An attempt to explain muscular contraction in terms of molecular 
phenomena was recently published by Davies (1963). In this theory, the 
binding site for ATP is said to be located at the end of a mobile poly­
peptide at the extremity of the HMM cross bridge. The bound ATP is held 
by electrostatic bonds to three positive charges that are probably three 
magnesium ions bound to negative charges on the protein. A fixed negative 
charge,which Davies suggests may originate from a phosphoryl serine, is 
present at the base of the cross bridge near the mobile polypeptide, repels 
the extra negative charge of the ionized ATP, and causes an extension of 
the mobile polypeptide. When depolarization of the sarcolemma occurs, 
sufficient calcium is liberated from the sarcoplasmic reticulum to form 
an electrostatic bond between the ATP on the end of the cross bridge 
and the bound ADP of F-actin. This reaction results in neutralization of 
Ik 
,the negative charge in the cross bridge and allows the extended cross 
bridge to form an a-helix and shorten in a manner similar to the elastic 
recovery of stretched a-keratin. Since a relatively large number of sites 
would be in the proper position to form these electrostatic bonds, tension 
would be developed; if the total of all these forces exceeds the external 
load, the muscle would shorten. 
The ATPase-active site is located near the base of the cross bridge. 
The shortening of the bridge brings the bound ATP into the proper position 
to be hydrolyzed by the enzyme, the resulting ADP is rephosphorylated by 
the phosphocreatine-creatine kinase reaction, restoring the negative 
charge, and repulsion occurs; the cross bridge extends, and the cycle is 
repeated as long as the intracellular calcium concentration remains at 
high (lO ^ M) levels. When the active state ends, the calcium is pumped 
back onto the sarcoplasmic reticulum, and the muscle assumes the resting 
state. The ability of the sarcoplasmic reticulum to concentrate calcium 
has been demonstrated by Constant in et al. (I965), and the necessity of 
calcium for contraction has been documented by Weber and associates (196U). 
Davies' theory accounts for most of the known facts concerning muscle 
contraction but does not suggest any active mechanism for relaxation. It 
is interesting to note that Huxley et al. (196$) have recently reported 
that use of an X-ray camera with high resolving power in two directions 
has shown a movement of the cross bridges when contraction o,ccurs. 
lyenger et al. (1964), using absorption measurements at 19Qmii, have found 
a decrease in a-helical content of HMM when it interacts with ATP, a type 
of change which would be predicted by Davies' theory. 
The structure and contraction of striated muscle have been discussed 
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in some detail, and now the phenomenon of rigor mortis and its relation to 
contraction will be briefly reviewed. Unfortunately, no uniform definition 
of rigor mortis exists, and some misunderstandings have resulted. The ma­
jority of the British workers equate loss of ATP with the onset of rigor, 
and a muscle devoid of ATP is said to be "in rigor". However, it seems 
likely that loss of ATP represents only one aspect of the rigor syndrome, 
and, for that reason, rigor for purposes of this study will be defined in 
terms of shortening or stiffening of the muscle. Use of the common British 
convention would require that a myofibrillar suspension from which all the 
ATP was removed would be termed in rigor even though it was prepared from 
a muscle sampled immediately after death. Since the purpose of this study 
is to compare muscle sampled at death with muscle sampled some time after 
post-mortem shortening, the difficulty arising from this definition and 
the validity of the convention chosen are quite obvious. 
Published accounts of rigid stiffening of human corpses as a result 
of death during battle or after exhaustion were recorded before the turn 
of the century and may go back to Biblical times. It was not until the 
1930's and 19^0's that concerted efforts were made to understand events 
associated with rigor. Soet and Marks (1926) observed that rigor in 
exhausted animals began more rapidly and occurred at higher (6.8-7.2) pH 
values than rigor in rested animals which began at pH values of 5.0-5 . 6 .  
This rapid onset of rigor at high pH values was termed "alkaline rigor". 
It was suggested that disappearance of one of the sugar phosphates might 
be involved in the process. Conformation of this postulate was later 
provided by Erdos (1943) who first showed that onset of stiffening could 
be correlated with disappearance of ATP from muscle and that stiffening 
l6 
was due to formation of rigid chains of actomyosin from the muscle'proteins, 
actin and myosin. 
At the same time, Bate-Smith (l939) stated that connective tissue 
does not contribute to stiffening of muscles in rigor and implied that 
rigor was a property of the contractile apparatus. He also found that 
shortening frequently occurred during the onset of rigor. Bate-Smith and 
Bendall (19^7) later reported that post-mortem shortening of rabbit muscle 
occurred only if the pH of the muscles was greater than 6.2 when stiffen­
ing began. In a review on rigor mortis, Bate-Smith (l9i)-8) stressed the 
importance of interfilament reactions in rigor and suggested that cross­
links are formed in rigor as a result of complete loss of ATP. In normal 
contraction on the other hand, the nucleotide is not dissociated from the 
cross bridge. Other work by Bate-Smith and Bendall (19^9) and Bendall 
(1951) indicated that the higher the glycogen content of the muscle at 
death, the longer was the period (called the delay period) before the 
onset of rigor. Increasing the temperature from 17° to 37° decreased the 
delay period 2.5 times but increased the shortening of muscle six to ten 
times at pH values 6.5 and three times at pH values above 6.5 to 6.8. 
Marsh (1953) reported that greater shortening during the onset of 
rigor was associated with a smaller decrease in extensibility and suggest­
ed that bond direction causes the decrease in extensibility while bond 
formation results in shortening. 
In a more extensive study of the effect of temperature on post-mortem 
shortening of beef muscle. Locker and Hagyard (1963) found greater shorten­
ing during post-mortem storage at 2° than at 37°; minimal shortening 
occurred between l4° and 19°. At higher temperatures, shortening coincides 
IT 
with the loss of ATP, "but, at lower temperatures, it begins more rapidly. 
Bate-Smith and Bendall had restricted their studies to temperatures above 
17° and had, therefore, failed to observe shortening at colder temperatures. 
Locker and Hagyard termed this phenomenon "cold shortening" which they 
showed to be reversible. Three different bovine muscles studied all under­
went cold shortening, but rabbit muscles did not. In a more recent report. 
Marsh and Leet (1966) stated that both the extent and rate of cold short­
ening in bovine steriiomandibùlàris muscle were related inversely to the 
degree of rigor (extensibility loss) at the time of cold application. 
The evidence indicates that, depending on storage temperature, some 
degree of shortening accompanies the onset of rigor mortis. Sink et al. 
(1965) reported that less post-mortem shortening ^occurred when the delay 
phase was longer. The correlation coefficient between the 2^-hour, post­
mortem, sarcomere length and length of delay phase was O.9O. In a related 
study involving'the use of mephenesin, a muscle relaxant. Sink (1965) 
i 
delayed rigor in porcine muscle an average of five hours with a T50-mg/kg 
dose. Mean sarcomere lengths of treated animals was 2.65u while sarcomere 
lengths of controls were 2.27li . A 1350-mg/kg dose resulted in only 
slightly longer sarcomeres, but all treated animal s exhibited greater 
uniformity of sarcomere lengths than untreated animals. 
The extreme shortening observed when muscle is thawed after being 
frozen prior to the onset of rigor has been termed thaw rigor. Cassens 
et al. (1963) observed a similarity between the dense bands found in thaw 
rigor and those originating because of caffeine contracture or injection 
of boiling water or phenol into living muscle. An examination of the 
ultrastructure of these bands revealed a fibrillar structure which was 
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suggested to be a region of filament concentration. Because they occur in 
cases of extreme contraction, these bands have been termed "contraction 
bands". If post-mortem glycolysis is normal and the irritant or stimulus 
has been mild, the process of contracture-band formation is reversible. 
Observations on thaw rigor in lamb muscle by Marsh and Thompson (1958) 
indicated that the effects of thaw rigor could be diminished by applying 
a moderate load to the muscle during thawing and were eliminated completely 
by applying a heavy load or by immobilization. 
The effects of various solvents and chemical reagents on the structure 
and properties of musclé in vitro have not been exhaustively investigated. 
The use of aqueous glycerol solutions to remove sarcoplasmic proteins was 
first introduced by Szent-GySrgyi (l95l) and has been widely used ever 
since. Aqueous glycerol was the extractant used by Huxley and Hanson 
(195^) when they first prepared rabbit psoas muscle for thin sectioning. 
Seidel et al. (196U) used Perry's (1952) procedure and reported that 
striations were absent in myofibrils prepared from red muscle and suggest­
ed the use of 0.15M KCl as a solution for solubilization of sarcoplasmic 
proteins. In spite of its extensive use in subcellular fractionation 
procedures, the efficacy of 0.25M sucrose as an extracting solution in 
myofibril preparation has not been studied. 
Glycerinated rabbit psoas muscle was used by Kaminer (1966a) to com­
pare the effects of glycerol and sucrose on ATP induced contraction. Only 
partial contraction was observed when varying concentrations of glycerol 
and sucrose were used in the myofibril suspension, but additional contrac­
tion was elicited if Ca Cl^ was added to the incubation medium. Water 
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soaking, which presumably inactivates the relaxing factor and allows 
maximal contraction with ATP, did not affect the influence of glycerol 
and sucrose on the myofibril preparations. Maximally-contracted muscle 
relaxed when glycerol or sucrose solutions were substituted for a contrac­
tion medium (UmM ATP, 0.16M KCl, O.OIM MgCl^, 0.02M Trismaleate pH 6.8-
7.0). Relatively high concentrations of sucrose or glycerol retarded the 
interactions of the contractile system and inhibited myosin ATPase. 
Using glycerol-treated rabbit psoas, Bowen (1965) reported that 
carnosine and histidine are much more effective than K in accelerating 
ATP-induced shortening regardless of the presence or absence of Mg"*"*". 
Tris [tris -(hydroxymethyl)-amino methane] and maleate buffers are also 
effective potentiators of contraction. 
Lynn (1965) observed that myosin gel at pH J.k in dilute salt solu­
tion can dehydrate in the presence of Ca"*"*" and polyanions such as ATP 
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and can hydrate in the presence of Mg and these same polyanions. Sulf-
hydryl reagents cause the same effect on the hydration of myosin as ATP. 
The results with actomyosin indicate that the specificity of polyanion 
effects is controlled by actin. This author suggests that reversible 
alteration in charge on myosin may promote combination between actin and 
dehydrated myosin or dissociation of actin from hydrated myosin. Kaminer 
(1962) states that water loss from muscle during contraction depends on 
the extent of contraction rather than the stimulus causing the contraction 
and points out the necessity to consider the role of water in muscle 
contraction. 
Deuterium oxide causes relaxation in rabbit psoas which had been 
maximally contracted by ATP (Kaminer, 1966b). If CaClg was added to relaxed 
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muscle, contraction again resulted. Although deuterium oxide is reported 
to retard the loss of relaxing factor activity, it will not reverse in-
activation of the relaxing factor by water. 
The effects of certain proteolytic enzyines on myosin has already been 
mentioned. There have not been any studies describing the effects of 
proteolytic enzymes on myofibril structure. Stephens (19^5) used trypsin 
in his study on anomolous contraction of muscle but did not ascribe any 
structural changes to the action of trypsin. His micrographs of trypsin-
treated myofibrils, however, show an absence of the Z-line. If the Z-line 
is composed principally of tropomyosin, it might be expected to be quite 
sensitive to proteolytic degradation in view of the reported sensitivity 
of tropomyosin to trypsin (Laki, 195%). 
On the basis of the evidence cited above, we may conclude that muscle 
undergoes a temperature-dependent shortening during the onset of rigor 
mortis. The possible relationship of this shortening to contraction has 
not been studied. If post-mortem shortening is a contraction, certain 
technical advantages might be realized by a study of post-mortem muscle. 
The effects of different extracting solutions on myofibril structure 
and properties have not been widely investigated. Most of the preparation 
techniques presently being used were introduced 25 years ago by Szent-
GySrgyi. Since some of the difficulties regarding banding pattern changes 
during contraction appear to have originated because of preparation methods, 
a more complete study on the effects of different extracting media is 
warranted and needed. 
The evidence presented here also allows the conclusion that tempera-
ture-dependent shortening usually accompanies rigor. Neither the 
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macromolecular or ultrastructural events accompanying this shortening have 
been studied nor have the effects of solvents and various reagents on 
striated muscle. If post-mortem shortening is to he considered a model 
for muscle contraction, the possible reaction of muscle structure and 
function to catheptic enzymes must be elucidated. 
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METHOD OF INVESTIGATION 
The results of earlier studies on rigor mortis that indicated that a 
shortening occurred during the onset of rigor formed the "basis for this 
study. A preliminary study in our laboratory confirmed the report that 
rahbit muscle undergoes little if any post-mortem shortening when stored 
at 2° and coupled with observations that rabbit muscle at rest length has 
shorter I-bands than bovine muscle, led to the selection of bovine muscle 
as the experimental materials. The.short I-bands, presumably occurring 
because rabbit muscle is faster-acting than bovine muscle, could hinder 
detection of small changes in sarcomere length. Observations on bovine 
psoas and'sémitendinôsus muscle indicated no differences in post-mortem 
shortening between these two muscles. Because the sémitendinôsus muscle 
can "Èe removed more quickly after exsanguination and has parallel fibers 
which extend throughout the length of the muscle, it was selected for use 
in this study. 
The right and left sprm'tehdiiiosus muscles of seven heifers were 
excised as soon as possible after stunning and bleeding. Two parallel 1 
to 2 mm deep cuts were made on either side of a strip of muscle 3 to 5 mm 
wide and 40 mm long; this procedure was a modification of the biopsy 
technique reported by Price et al. (I965). The corner of a razor blade 
was used to loosen the strip of muscle from its deep attachments. A 
dissecting needle was employed to slip a two-inch piece of thread under 
the strip near its ends, a 55mm glass rod was placed on the strip, and 
the threads were securely tied to the rod. The muscle was then freed from 
its attachments by cutting perpendicularly across the ends. 
The strip of muscle was immersed in cold 2.5% glutaraldehyde in 0.2M 
Sorenson's phosphate buffer, pH T.15. After one hour of fixation, the 
glutaraldehyde solution was drawn off and replaced with fresh fixative 
solution. At the end of the second hour, the glutaraldehyde was removed, 
and the fixed,.fibers were washed with Sorenson's phosphate buffer. After 
removal of this rinsing solution, the strip was freed from the glass rod, 
placed on dental wax, flooded with 0.2M phosphate buffer, and cut into 
1 mm cubes. These cubes were then transferred to a 1% osmium tetroxide 
solution that was similarly buffered for two hours with a change to fresh 
solution after the first hour. All fixative and rinse solutions were at 
an asmotic strength of 480 milliosmols calculated by the method of Powell 
et al. {196k). Dehydration in graded acetone was followed by infiltration 
and embedding in an Araldite-Epon mixture as reported by Anderson and 
Ellis (1965) or in Maraglas as reported by Erlandson (1964). 
After polymerization at 60° for 2k hours and a two to three-day 
curing period, thin sections were cut with a diamond knife on a Reichert 
ult ramie rot ome. Sections of approximately 75 mu or less, as judged by 
interference colors, were-used, with a strong preference for those of 60 
my or less. Uncoated 300-mesh grids were used to mount the sections which 
were then stained for 50 to 60 minutes using 2% uranyl acetate in methanol 
and rinsed in two changes each of methanol, 50% methanol, and water. 
After thorough drying, lead citrate stain was applied for 12 minutes using 
the method of Reynolds (1963). All electron micrographs were taken with 
a RCA EMU 3-F instrument operated at 50 kv. 
Samples for phase microscopy were prepared by grinding a 60-gm 
sample of muscle through a meat grinder'and homogenizing the ground 
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sample with 300 ml of cold solvent. The three solutions used for extrac­
tion were: l) 0.25M sucrose, ImM ethylenediaminetetraacetic acid (EDTA), 
0.05 M Tris, pH 7.6; 2) 0.15 M KCl, ImM EDTA, 0.05 M Tris pH 7.6; and 3) 
50%. v/v glycerol, ImM EDTA, 0.05 M Tris pH 7.6. 
A Lourdes Model VM Homogenizer was used for three, 15-second periods; 
the first two were at a rheostat setting of 50 and the last at a setting 
of 70 with 45-second cooling periods between homogenizations. After 
standing for one hour, the suspension was centrifuged at 2500x g for 10 
minutes, the supernatant discarded, and the precipitate again suspended 
in the original solvent. After standing for another hour, the centrifuga-
tion step was repeated, the supernatant discarded, and the precipitate 
suspended in 0.05 M Tris, 1 œM EDTA pH 7*6. This suspension was passed 
through a household strainer to remove connective tissue. 
The myofibrils were again sedimented and resuspended in the following 
solutions in the order given: l) 0.15 M KCl, 2) ImM EDTA, pH 7-6, 3) 
deionized glass distilled water, 1+) 0.15 M KCl. After centrifugation, 
myofibrils were suspended in 0.15 M KCl and stored at 2° for Biuret deter­
mination or observations with phase microscopy. 
Bovine sémitéhdinosus muscles were excised immediately after death 
and sampled. One muscle was then placed at 2° 1° and its homologue at 
l6° 1° or 37° i Samples were taken after 2k hours post-mortem 
storage at all temperatures and after 312 hours storage from the 2° and 
l6° muscles. A laboratory cold room was used to store the 2° sample, and 
a Labline environmental control unit was used for the higher storage 
temperatures. 
For trypsin treatment, all suspensions were diluted to a protein 
25 
concentration of 4-5 mg/ml as determined by the Biuret method. Only the 
myofibrils from sucrose isolations were used for trypsin digestion. A 
20-ml aliquot of each sample was brought to room temperature, and 1 ml 
Tris, pH 7.6, was added. 
Two ml of 0.05% (0.05 gm/lOOml) trypsin solution was added to each 
sample, and the suspension was stirred magnetically throughout the diges­
tion period. After incubation times of 1, 2, 5, 15, and 30 minutes, the 
reaction was stopped with the addition of U ml of 0.1% (O.lgm/lOOml) 
ovomucoid. Then an aliquot of the reaction mixture was placed in glass 
centrifuge tubes and sedimented at lOOOx g for 10 minutes. The super­
natant was discarded, and 2 to 3 ml of 2.5% glutaraldehyde was carefully 
layered onto the pellet. After 1 to 2 minutes of stabilization, the 
pellet was removed to dental wax, flooded with glutaraldehyde, and cut 
into 1 mm cubes. The remainder of the specimen preparation for electron 
microscopy was performed as described above. 
After thorough stirring with a glass rod, a drop of the myofibrillar 
suspension was placed on a pre-cleaned slide and a #1 coverslip lowered 
onto the suspension. Excess fluid was removed from the edges of the 
coverslip, and the observations recorded. Light microscopic examinations 
with phase optics were made with a Zeiss Photomicroscope equipped with a 
lOOx planapochromatic objective, numerical aperture 1.3, and an achromatic-
aplanatic condenser, numerical aperture 1.4. All photographs were taken 
on Adox KB14 film with a green filter in the optical path. 
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RESULTS 
Phase observations indicated that myofibrils sampled immediately after 
death (Fig. 2a,b,c) were in a relaxed state as shown by wide I-bands and 
the presence of H-zones. The banding pattern was clearest and most dis­
tinct in those myofibrils isolated by using sucrose solutions (Fig. 2c). 
Structural preservation of the glycerol-isolated, at-death myofibrils 
(Fig. 2a) seemed comparable to that of sucrose-isolated myofibrils except 
for a decrease in clarity frequently observed in the glycerol-treated 
preparations. The KCl-isolated myofibrils sampled immediately after 
death (Fig. 2b) exhibited variability in sarcomere lengths with no sarco­
meres shorter than rest-length but many were stretched beyond rest-length 
as indicated by wide H-zones. 
Myofibrils from muscles which were held at 2° and sampled 2k hours 
post-mortem were supercontracted and exhibited a pattern of alternating 
light and dark bands. The sucrose-isolated myofibrils (Fig. 2f) again 
exhibited the clearest and most distinct banding pattern. Suspensions 
made from 2° - 2h hour samples by using either glycerol (Fig. 2d) or KCl 
(Fig. 2e) solutions for extraction exhibited a blurred or fuzzy appearance 
which, although not sufficient to mask the supercontracted pattern, cer-
tainly impaired resolution. 
Myofibrillar suspensions isolated from muscle held at l6° and sampled 
2h hours post-mortem showed a consistent increase in density and thickness 
of A-bands, a disappearance of H-zones, and a concomittant shortening of 
I-bands. Use of glycerol in the extraction medium resulted in myofibrils 
(Fig. 2g) with banding patterns equal in clarity and resolution to those 
Bovine semiténdinosus muscle sampled at death using the biopsy 
technique. Glutaraldehyde fixation with osmium tetroxide post-
fixation. Section stained with uranyl acetate and lead citrate. 
X 53,500.. 

Pig. 2a. Myofibrils from muscle Fig. 2g. 
sampled at death. Gly­
cerol isolation. X 2,000. 
Fig. 2b. Myofibrils from muscle Fig. 2h. 
sampled at death. KCl 
isolation. Arrows indi-
date Z-lines; X 2,000. 
Fig. 2c. %ofibrils from muscle Fig. 2i. 
sampled at death. Sucrose 
isolation. X 2,000. 
Fig. 2d. Myofibrils sampled 2h hours Fig. 2j. 
post-mortem from muscle held 
at 2°. Glycerol isolation. 
X 2,000. 
Myofibrils taken 24 hours 
post-mortem from muscle 
held at l6°. Glycerol 
isolation. Arrows indi­
cate Z-lines. X 2,000. 
Myofibrils taken 2h.hours 
post-mortem from muscle 
held at l6°. KCl isola­
tion. X 2,000,, 
Myofibrils taken 2k hours 
post-mortem from muscle 
held at l6°. Sucrose 
isolation. X 2,000. 
Myofibrils from muscle 
held at 2° and sampled 
312 hours post-mortem. 
Glycerol isolation. 
X 2,000.. 
Fig. 2e. %-ofibrils sampled 2k hours Fig. 2k. 
post-mortem from muscle held 
at 2°. KCl isolation. 
X 2,000. 
Fig. 2f. Myofibrils sampled 2k hours Fig. 21. 
post-mortem from muscle held 
at 2°. Sucrose isolation. 
X 2,000. 
Fig. 2m. Myofibrils from muscle held Fig. 2n. 
at l6° and sampled 312 
hours post-mortem. Glycerol 
isolation. X 2,000. 
Myofibrils from muscle 
held at 2°.and sampled 
312 hours post-mortem 
KCl isolation. X 2,000. 
Myofibrils from muscle 
held at 2° and sampled 
312 hours post-mortem. 
Sucrose isolation. 
X2,000_. 
Ityofibrils from muscle 
held at l6° and sampled 
312 hours post-mort am. 
KCl isolation. X 2,000,. 
Fig. 2o.. Ifyofibrils from muscle 
held at l6° and sampled 
312 hours post-mortem. 
Sucrose isolation. 




observed in the sucrose preparations (Fig. 2i). Both sucrose-isolated 
and glycerol-isolated samples showed clearer banding patterns and present­
ed a sharper image than the KCl-isolated suspensions (Fig. 2h). 
Samples removed from tissue 312 hours post-mortem exhibited greater 
variability in appearance than samples removed after shorter post-mortem 
times. However, certain tendencies seem obvious. Regardless of the sol­
vent or storage temperature, it was possible to find myofibrils which 
showed a narrow "H-zone", probably the pseudo H-zone described by Huxley 
(1966), in the center of a dense, thickened A-band. This finding was most 
common in the glycerol-treated preparation (Fig. 2j). However, most 
myofibrils isolated after 312 hours post-mortem storage at 2°.(Fig. 2k,l) 
were supercontracted whereas those isolated after 312 hours post-mortem 
storage at l6° (Fig. l,m,n,o) were slightly contracted and resembled their 
counterparts after 2h hours post-mortem storage. The KCl-treated myo­
fibrils isolated after 312 hours post-mortem storage at either 2° or l6° 
(Fig. 2k and Fig. 2n) tended to be more fragmented, but preservation of 
banding patterns in the 2° - 312 hours, KCl-extracted myofibrils was 
nearly equivalent to that of the corresponding sucrose-treated prepara­
tions. Sucrose extraction again yielded preparations at both 2° and l6° 
(Fig. 21 and Fig. 2o) which had the sharpest banding patterns. 
Although use of glycerol extraction on muscle sampled immediately 
after death resulted in myofibrils with a clear banding pattern (Fig. 
3a,b), sarcomere lengths were somewhat more variable than in sucrose-
treated preparations. Longitudinal sections of glycerol-isolated myo­
fibrils showed an increase in A-band length and a greater orderliness of 
Fig. 3a. Myofibrils isolated.at death with glycerol solution. Arrow 
indicates area where fine structure of the Z-line may be seen. 
Glutaraldehyde fixation with osmium tetroxide post-fixation. 
Section stained with uranyl acetate-phosphotungstate solution. 
X 48,500. 
Fig. 3b. Myofibrils isolated at death with glycerol solution. Glutaralde­




thick filaments, allowing remnants of the H-zone to he seen. However, a 
leached or washed-out appearance in the glycerol-treated preparations was 
quite evident in both myofibrils and some of the Z-lines. This was par­
ticularly apparent when comparisons were made with intact muscle (Fig. l) 
Electron micrographs of myofibrils isolated immediately after death 
indicated that sucrose-treated preparations-(Fig. 4b) had a more distinct 
banding pattern than do glycerol or KCl-isolated myofibrils. I-band widths 
^ were comparable to those at rest length, and structural integrity of the 
Z-band was maintained when sucrose extraction was used (Fig. 4b inset). 
However, a lack of organization in the A-band obscured the H-zones. 
On the other hand, the KCl-isolated myofibrils (Fig. 4a) had compara­
tively wide I-bands and H-zones and a decreased density of the A-band. 
"Longitudinal sections of KCl-isolated samples showed many thick filaments 
cut in cross-section, indicating considerable rearrangement of structural 
components. Sections through a favorably oriented plane indicated that 
structure and density of the Z-line compared favorably with that of 
sucrose-isolated myofibrils. 
In electron microscope studies, sucrose was the only solution used to 
extract myofibrils 24 hours and 312 hours post-mortem. The sample taken 
from muscle held 24 hours post-mortem at 2° (Fig. 5a) showed a typical, 
supercontracted pattern in which thick filaments had been moved along the 
thin filaments until a thickening of the area on boths sides of the Z-line 
was seen. Although the plane of sectioning made interpretation somewhat 
difficult, certain areas of the Z-line appeared to be discontinuous with 
filaments penetrating these spaces. Myofibrils held at l6° and sampled 
24 hours post-mortem (Fig. 5b) had longer sarcomere lengths than their 2° 
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Fig. 4a. Myofibrils isolated at death with KCl solution. Several thick 
filaments appear to be cut in cross section. Glutaraldehyde 
fixation and osmium tetroxide post-fixâtion. Section stained 
with uranyl ac et at e-pho s photung st at e solution. X 50,000. 
I 
Fig. 4b. Myofibrils isolated at death by using sucrose solution. Arrow 
indicates location where ultrastructure of Z-line may be seen. 
Glutaraldehyde fixation followed by osmium tetroxide. Section 
stained with uranyl ac et at e-phosphotungst at e solution. X 50,000. 
Inset is a higher magnification of the area pointed out by the 
arrow. X 98,000. 

Fig. 5a. %-ofibril8 isolated with sucrose solution 24 hours post-mortem 
after storage at 2°. Note the accumulation of filaments around 
the Z-lines. Glutaraldehyde fixation followed "by osmium 
tetroxide. Section.stained with uranyl acetate-phosphotung-
state solution. X U8,500,. 
Fig. 5b. Myofibrils isolated with sucrose solution 2k hours post-mortem 
after storage at l6°. This treatment appears to give slightly 
contracted myofibrils. Glutaraldehyde fixation with osmium 
tetroxide post-fixation. Section stained with uranyl acetate-




counterparts. I-bands were usually quite short, "but the myofibrils re­
mained relatively straight and exhibited a higher degree of order than 
the 2° sample. A higher concentration of glycogen granules was also 
found in the l6° sample. Identification of glycogen granules in rigor 
muscle was made by comparing size and staining reaction with similar 
granules observed in muscle sampled at death. 
Samples taken after 312 hours post-mortem storage showed some deter­
ioration at the ultrastructural level. Disruption of the 2° muscle sampled 
at 312 hours (Fig. 6a) was so severe that detailed examinations were im­
possible. There was lengthening of the sarcomere even though the I-band 
had not yet appeared. The Z-line assumed a tortuous path rather than the 
reasonably straight lines seen in the l6° - 312 hour myofibrils (Fig. 6b). 
The latter exhibited a remarkably good state of preservation if the time 
and temperature of storage were considered. I-bands and elements of the 
sarcoplasmic reticulum were quite obvious, but no H-zones were evident. 
All of the preceding studies were conducted on myofibrils which had 
been treated with a homogenizer and washed exhaustivly. Such treatment 
could lead to alterations in myofibrillar arrangement. Therefore, studies 
were conducted on intact muscle which was sampled by using the biopsy 
technique described in the preceding section, fixed, and then sectioned 
for electron microscopy. Muscle sampled in this manner immediately after 
death had the typical banded appearance of resting muscle (Fig. Ja). Wide 
I-bands were particularly apparent, but the H-zone was considerably 
narrower than that observed in amphibian and rabbit muscle. After 2h 
hours of post-mortem storage at l6° (Fig. 7b) I-bands were narrower than 
Fig. 6a. Myofibrils taken from muscle held .at 2°. and sampled 312 hours 
post-mortem. Although structural deterioration is.evident, 
the tortuous path of the Z-line can be seen. Glutaraldehyde 
fixation with osmium tetroxide post-fixation. Section stained 
with uranyl ac et at e-pho sphotung st at e solution. X 48,500, 
Fig. 6b. Myofibrils removed from muscle held at l6° and sampled 312 . 
hours post-mortem. Glutaraldehyde fixation with osmium tetroxide 
post-fixation. Section stained with uranyl ac etat e-pho spho-
tungstate solution. X 48,500. 
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Fig. Ta. Muscle sampled at death using the biopsy.technique. Substruc­
ture of the M-line is .evident vhen this micrograph is viewed 
obliquely. Fixed in glutaraldehyde with, osmium tetroxide 
post-fixation. Section stained with uranyl acetate and lead 
citrate. X 51,000. 
Fig. 7b. Muscle samples after 2h hours post-mortem.storage at l6°. 
Muscle with this treatment is slightly contracted as indicated 
by an absence of H-zones and a small shortening of the sarco­
meres. Glutaraldehyde fixation with osmium tetroxide post-
fixation. Section stained with uranyl acetate and lead 
citrate. X 51,000.. 
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at death, and the narrow H-zone had disappeared. After 2h hours of post­
mortem storage at 2° (Fig. 9a), the supercontracted pattern was prevalent 
with sarcomeres greatly shortened, I-bands were completely gone, and 
filamentous material had accumulated at the level of the Z-line. 
An extremely thin section of muscle stored at 2° and sampled 2k hours 
post-mortem is shown in Fig. 8a. This muscle was contracted less severely 
than the typical situation; but, at the outer edge of the A-band, two thin 
filaments were seen between each pair of thick filaments. At the middle 
of the A-band, it was possible to see quite clearly four thin filaments 
between adjacent pairs of thick filaments, which indicated that sliding 
of the thin filaments past each other had occurred. Another very thin 
section from the same sample (Fig. 8b) shows one thin filament between 
each pair of thick filaments with the zone of overlap in the center of the 
A-band exhibiting two thin filaments between a pair of thick filaments. 
Muscle held at 37° for 2k hours prior to sampling also appeared 
supercontracted (Fig. 9b), but the supercontraction was less severe at 
37° than at 2°. I-bands were not visible, but there was less accumulation 
of filamentous material near the Z-line in the 37° - 2k hour muscle than 
in the 2° - 2k hour muscle. The filaments of the 37° - 2k hour muscle 
were more highly ordered than in the 2° - 2k hour samples, and large spaces 
did not appear between adjacent filaments. Sarcomeres tended to be approx­
imately 1^% shorter in the muscle stored at 2° than in the muscle stored 
at 37°. 
Muscle stored at 2° prior to sampling and sectioning 312 hours post­
mortem (Fig. 10a) was strikingly similar at the ultrastruetural level to 
Fig. 8a. Muscle sampled 2k hours post-mortem after. storage at 2°. 
Although not supercontracted, this section shows. quite 
clearly that sliding of filaments.has occurred. In the 
center of the A-band, four thin filaments are seen between 
adjacent thick filaments. Glutaraldehyde fixation with 
osmium tetroxide post-fixation. Section stained with 
uranyl acetate and lead citrate. X 48,500. 
Fig. 8b. Muscle sampled 24 hours post-mortem after storage at 2°. 
Plane of sectioning shows two thin filaments between ad­
jacent thick filaments in the center of the A-band. This, 
too, indicates that sliding of filaments has occurred. 
Glutaraldehyde fixation with osmium tetroxide post-fixa­
tion. Section stained with uranyl acetate and lead citrate. 
X 48,500. 
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Fig. 9a* Muscle taken after 2U. hotirs storage at 2°. This micrograph 
shows the typical supercontracted appearance seen in most 
samples with this treatment. Note the lateral displacement 
of fragments of the M-line. GlUtaraldehyde fixation with, 
osmium tetroxide post-fixation. Section.stained with uranyl 
acetate and lead citrate. X 48,-500,. 
Fig. 9b. Muscle removed after 2k hours storage at 3T°. Structural 
disruption appears to "be less drastic than in Fig. 9a. but 
thickening of the area around the Z-line indicates that 
supercontraction has occurred. Glutaraldehyde fixation and 
post-fixed with osmium tetroxide. Section stained with 
uranyl acetate and lead citrate. X 48,500. 
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Fig. 10a, Muscle stored at 2°. and sampled 312 hours.post-mortem. 
The moderately contracted. state, seen ..here has replaced the 
supercontracted pattern . seen after 2k. hours.storage.at 2°. 
Glutaraldehyde fixation with osmium tetroxide post-fixa-
tion. Section stained with uranyl acetate and lead cetrate. 
X Us,800.. 
Fig. 10b. Muscle.stored at l6° and sampled 312 hours post-mortem. 
The degree of contraction evident here is quite similar to 
that seen in Fig. 10a, Eote the accumulation of particles 
which resemble glycogen. Glutaraldehyde fixation with osmium 
tetroxide post-fixation. Section stained with uranyl acetate 
and lead citrate. X U2,800, 

muscle stored at l6° for 312 hours (Fig. 10b). Both samples had narrow 
I-bands with a region of increased density in the center of the A-band. 
A higher degree of order existed in muscle sectioned after 312 hours of 
post-mortem storage at 2° than after a similar 2k hour storage. Membraneous 
organelles, particularly the sarcoplasmic reticulum and mitochondria, were 
preserved better in the l6° - 312 hour muscle than in the 2° - 312 hour 
muscle. Surprisingly, glycogen or glycogen-like granules tended to be more 
abundant in muscle stored at l6° for 312 hours than in muscle stored at 2° 
for 312 hours. 
The next major portion of this study was directed toward observations 
on the effect of trypsin. To help alleviate diffusion problems, studies 
of the effects of trypsin on structure of post-mortem muscle were done by 
using myofibrils. A control was run for each myofibril sample by adding 
ovomucoid before the addition of trypsin. Phase observations of the con­
trol sample for myofibrils isolated after 2k hours post-mortem storage at 
2° showed the banding pattern characteristic of myofibrils isolated from 
muscle after 2k hours of storage at 2° C. After one minute of trypsin 
treatment (Fig. 11a), the 2° - 2k hour myofibrils still showed the charac­
teristic supercontracted banding pattern of alternating light and dark 
bands. 
A marked change in appearance was observed after two minutes of 
trypsin treatment (Fig. lib). A and I-bands were again visible with 
A-bands two to three times the width of I-bands. Although no H-zone was 
visible, some areas of the myofibril showed a faint dark line on either 
side of the area where the H-zone was expected. 
Fig", lia. Myofibrils sampled 2k. 
hours post-mortem from 
muscle held at 2°. 
Sucrose isolation. One 
minute trypsin treatment. 
Arrows indicate Z-lines. 
X 2,000, 
Fig. lie. Myofibrils from muscle 
held.at l6° and sampled 
2h.hours post-mortem. 
Sucrose isolation. One 
minute trypsin treatment. 
Arrows indicate Z-lines. 
X 2,000, 
Fig,' lib. Myofibrils sampled 2h 
hours post-mortem from 
muscle held at 2°. 
Sucrose isolation. Two 
minutes trypsin treat­
ment. X 2,000. 
Fig. llf. Jfyofibrils from muscle 
held at l6° and sampled 
2k hours post-mortem. 
Sucrose isolation. Two 
minutes trypsin treat­
ment. X 2,000,. 
Fig.'lie. %ofibrils sampled 2k 
hours post-mortem from 
muscle held at 2 ° .  
Swrose isolation. Five 
minutes trypsin treat­
ment. X 2,000.. 
Fig. llg. Myofibrils from muscle 
held,at l6° and sampled 
2k hours post-mortem. 
Sucrose isolation. Five 
minutes trypsin treat­
ment. X 2,000,. 
Fig.'lid. Myofibrils sampled 2k 
hours post-mortem from 
muscle held at 2 ° .  
Sucrose isolation. 15 
minutes trypsin treat­
ment. X 2,000. 
Fig. llh. Myofibrils from muscle 
held at l6° and sampled 
24. hours post-mortem. 
Sucrose isolation. 15 
minutes trypsin treat­




After five minutes of trypsin treatment (Fig. 11c), the A and I-hand-
ing pattern remained unchanged from that seen after a two-minute trypsin 
treatment, but the dark lines on either side of the H-zone area had inten­
sified and were seen in all myofibrils in the sample. The area in the 
center of the A-band between these two lines appeared to have approximately 
the same density as the rest of the A-band. The I-bands appeared narrower 
than they were after two minutes of trypsin treatment. 
Fifteen minutes of trypsin treatment (Fig. lid) caused two changes in 
myofibril structure when compared with the five-minute treatment. A still 
further intensification or broadening of the dark bands was seen in the 
center of the A-band, but I-band width was quite comparable to that seen 
after five minutes of trypsin treatment. However, there was a slight 
decrease in the density of the area between the two bands in the center 
of the A-band. A similar progression of changes, was observed when myo­
fibrils isolated after 2k hours post-mortem storage at l6° were treated 
with trypsin (Fig. lle-h). 
In the electron microscope, the control sample for myofibrils isolated 
immediately after death (Fig. 12a,b) showed the banding pattern character­
istic of muscle sampled immediately post-mortem. There was, however, some 
loss of structural material from both the I-band and Z-line. After one 
minute of trypsin treatment (Fig. 12c,d), myofibrils isolated immediately 
post-mortem showed a complete loss of the Z-line in all cases. Some 
myofibrils showed thick filaments completely extended without a charac­
teristic I-band but others had a wide I-band and H-zone. In the latter 
case, there was an accumulation of material, probably the crumpled ends 
Fig. 12a. Control myofibrils sampled at death. Ovomucoid inhibitor 
added prior to addition of trypsin. Loss of material from 
Z-band is evident. Glutaraldehyde fixation with osmium 
tetroxide post-fixation. Section stained with uranyl acetate 
and lead citrate. X 50,000.. 
Fig. 12b. Another section from the same treatment as Fig. 12a. Here 
Z-lines are absent and thick filaments are extended. 
Glutaraldehyde fixation with osmium tetroxide post-fixation. 
Section stained with uranyl acetate and lead citrate. 
X 50,000. 
Fi^. 12c. Myofibrils sampled at death and treated with typsin for one 
minute. Z-lines have been removed and ends of thick fila­
ments are crumpled. Glutaraldehyde fixation with, osmium 
tetroxide post-fixation. Section stained with uranyl acetate 
and lead citrate. X 36,000,. 
Fig. 12d. A section from the same sample as Fig. 12c. Thick filaments 
are fully extended, M-lines and Z-lines are gone and H-zones 
are prominent. Glutaraldehyde fixation with osmium tetroxide 
post-fixation. Section stained with uranyl acetate and lead 
citrate. X 38,000. 
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of thick filaments, on either side of the H-zone. After two minutes of 
trypsin treatment, the.structure of the myofibrils samples immediately 
post-mortem (Fig. 13a,b) was very similar to the structure just described 
for myofibrils exposed to trypsin for one minute. 
The disoriented accumulation of thick filaments on both sides of the 
H-zone was not seen after five minutes trypsin hydrolysis (Fig. 13c,d) of 
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myofibrils sampled immediately after death. Thick filaments were extended 
nearly completely with no I-band (Fig. 13d) or with I-filaments extending 
beyond the ends of the A-filaments (Fig. 13c); however, Z-bands were 
completely removed. The appearance of myofibrils samples at death and 
subjected to 15 minutes of trypsin treatment (Fig. l4a,b) was quite uni­
form. The A-band showed a decreased density, but an H-zone was still 
present. A decreased number of I-filaments projected beyond the ends of 
the A-filaments into the I-band region. 
The control sample for myofibrils from muscle held at 2°.and sampled 
2k hours post-mortem (Fig. lUc) exhibited a marked change from the super-
contracted pattern. Thick filaments were not crumpled against the Z-line, 
and sarcomeres were longer although little, if any, I-band was evident. 
Appearance of the Z-lines was similar to that of the control samples for 
myofibrils isolated immediately after death. Cross sections (inset) of 
the 2° - 2k hour myofibrils indicated the presence of both thick and thin 
filaments. 
After one minute of trypsin treatment (Fig. 15a), 2° - 2k hour 
myofibrils frequently showed isolated sarcomeres with no Z-lines but with 
thin filaments extended beyond the ends of thick filaments into the I-band 
— Fig. 13a. D^ofibrils sampled at death and treated, with trypsin for two 
minutes. Thick, filaments, are extended, and many thin fila­
ments are cut in cross section in the area formerly occupied 
by the Z-line. Glutaraldehyde fixation and osmium tetroxide 
post fixation. Section.stained with Uranyl acetate and lead 
citrate. X 42,500.. 
-Fig. 13b. Section from the same treatment as Fig. 13a. The appearance 
is very similar to that observed in Fig. 12c.after one minute 
treatement. Fixed with glutaraldehyde and post-fixed with 
osmium tetroxide. Section stained with uranyl acetate and 
lead citrate. X 42,500. 
-Fig. 13c. Myofibrils sampled at death and treated with typsin for five 
minutes. All thick filaments are extended, and thin filaments 
project into the I-band area. Glutaraldehyde fixation and 
osmium tetroxide post-fixation. Section.stained with uranyl 
acetate and lead citrate. X 39,000. 
-Fig. 13d. Section from the same sample as in Fig. 13c. Here filaments 
appear to be more highly ordered but sarcomeres are closely 
packed. Glutaraldehyde fixation with osmium tetroxide post-
fixation. Section stained with uranyl acetate and lead 
citrate. X 37,000. 

Fig. l4a. Myofibrils sampled.at death and treated with trypsin for 15 
minutes. Some filamentous material has.been lost from the 
sarcomeres. Fixed with glutaraldehyde and post-fixed with 
osmium tetroxide. Section stained with uranyl acetate and 
lead citrate. X 39,000, 
, Fig. l4b. Section from same sample as in Fig. l4a. Here thick filaments. 
are more evident but there is still evidence of loss of both 
thick and thin filaments. Glutaraldehyde fixation followed 
by osmiim tetroxide. Uranyl acetate and lead citrate..stain. 
X 39,000... 
r Fig. l4c. Control myofibrils sampled 24.hours post-mortem with.storage 
at 2°, The departure from the supercbntracted.state.is 
evident.. Glutaraldehyde fixation with osmium tetroxide post-
fixative. Section.stained with uranyl acetate and lead 
citrate. X 5^,500. Inset is a cross section from this same 
sample and clearly shows the presence of both thick and thin 
filaments. X 62,000. 

Fig. 15a. Myofibrils sampled after 2°.storage for 24 hours and treated 
with trypsin for one minute. Isolated sarcomeres .such as this 
are frequently observed. The presence of thick and thin 
filaments is evident in both longitudinal and cross sections. 
Glut ar aldehyde fixation with osmium tetr oxide post-fixât ion. 
Stained with uranyl acetate and lead citrate. X 45,500» 
Inset magnification: 55,500,. 
Fig. 15b. Myofibrils taken from muscle stored at 2°, sampled 24 hours 
post-mortem and treated with trypsin for two minutes. Sar­
comeres are oriented end-to^end and do not show thin fila­
ments, clearly but are apparent in cross sections. Glutar­
aldehyde fixed and osmium tetroxide post-fixed. Section 
stained with uranyl acetate and lead citrate. X 48,500,. 
Inset magnification: X 61,000.. 

6k 
region. Both thick and thin filaments were present in cross sections 
(inset). After two minutes of trypsin treatment, the structure of the 
2° - 2k hour myofibrils (Fig. 15b) remained quite similar to the pattern 
just described after a one minute exposure to trypsin. If the sarcomeres 
remained oriented end to end, thin filaments were not easily detected. 
The presence of thin filaments was quite apparent however, in cross sëction. 
Five minutes of trypsin hydrolysis of the 2° - 2k. hour myofibrils 
caused a slight decrease in density of the sarcomeres (Fig. l6a). Inter-
digitating thick and thin filaments were quite evident with thin filaments 
extending outward beyond the ends of the thick filaments. 
Both longitudinal sections (Fig. l6b,c) and cross sections (Fig. l6d) 
showed that thin filaments were still present in 2° - 2k hour myofibrils 
after 15 minutes of trypsin hydrolysis. Many of the ends of thin filaments 
protruding from between the thick filaments had been removed (Fig. l6b,c) 
which indicated that after removal of the Z-line, the next site of attack 
by trypsin was the I-band. 
Electron micrographs from another animal that showed a higher degree 
of supercontraction after 2k hours storage at 2° (Fig. 17a) also showed 
a similar pattern after 15 minutes of trypsin hydrolysis (Fig. 17b). 
Fig. l6a. %-ofibrils from muscle.stored.at 2°, sampled 24.hours post­
mortem and treated with trypsin for five minutes. The two 
sarcomeres show.thin filaments extending beyond the ends 
of the thick filaments. Glutaraldehyde fixed and post-
fixed with osmium tetroxide. Section stained with uranyl 
acetate and lead citrate. X 38,-500.. 
Figj l6b. A sarcomere from myofibrils taken from muscle stored at 2° 
and sampled 2h hours post-mortem. Trypsin treatment for 
15 minutes results in fewer thin filaments extending beyond 
the thick filaments. Glutaraldehyde fixation and osmium 
tetroxide post-fixation. Section.stained with uranyl acetate 
and lead citrate. X 40,000. 
Fig^ l6c. Another sarcomere from.the same sample as in Fig. l6b. Here 
thick and thin filaments are clearly.evident. Glutaraldehyde 
fixed and osmium.tetroxide post-fixed. Uranyl acetate and 
lead citrate stain. X 53,000.. 
Fig. l6d. Cross section of same sample as in Fig. l6b and c. Note 
hexagonal arrangement of thin filaments around tubular thick 
filaments. Glutaraldehyde fixed and osmium tetroxide post-
fixed. Uranyl acetate and lead citrate stain. X 58,500. 

Fig. 17a. ïfyofi'brils taken from muscle . stored ÈU. hoiirs post-mortem at 
2°. This sample -was taken from a different animal than those 
of thé preceding series and demonstrated a higher degree of 
supercontraction. Glutaraldehyde fixation with osmium 
tetroxide post-fixation. Section stained with urahyl acetate 
and lead citrate. X 50,000.. 
Fig. 17b. Myofibrils taken from same sample as in Fig. 17a but treated 
with trypsin for 15 minutes. The implication here is that 
the degree of supercontraction has little effect on the 
relaxing action of trypsin. Glutaraldehyde fixation with 
osmium tetroxide post-fixation. Uranyl acetate and lead 




Because of their importance in preservation of structure three topics 
will be discussed: l) use of solvents, 2) use of biopsy techniques, and 
3) fixation techniques. 
Techniques of Preservation 
Optimum preparative techniques in this study were somewhat different 
than those in other studies of muscle. The study of solvent differences 
in structural preservation indicated that any of the three solutions in­
vestigated could be used to obtain preparations of structurally-satisfac­
tory myofibrils. Nevertheless, because of consistently better structural 
preservation, sucrose was chosen for subsequent experiments in this study. 
It is surprising that sucrose has not been used before in myofibril 
preparation since it has been used very widely in other subcellular frac­
tionation procedures. Although both glycerol and KCl solutions have been 
used traditionally by muscle researchers, recent reports such as that by 
Stephens (1965) cast some doubt on the advisability of using glycerol for 
extraction periods of several days, particularly, when structural integrity 
and preservation are required. KCl-isolated myofibrils showed variability 
in sarcomere lengths and, for this reason, were less desirable than sucrose 
myofibrils. In the phase microscope, differences may be due to subtle 
changes being undetected or overemphasized. Similarly, in electron 
microscopy, indirect modification of structure could be caused or enhanced 
by secondary action of the several solutions used in preservation. The 
result of either situation could be to mask or obscure the true effect of 
the solvents. 
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The study of solvent effects on muscle structure indicated that, both 
at death and at increasing times post-mortem, sucrose gave the most con­
sistent sarcomere lengths and banding patterns. In addition, the Z-line, 
where the most labile of the myofibrillar proteins is located, was pre­
served best in the sucrose-isolated myofibrils. 
Maintenance of resting-muscle structure in samples taken at death was 
of utmost importance in this study. If the biopsy technique was used, 
H-zones in bovine muscle never appeared as wide as that reported by Huxley 
(1953,1958) for other species. The first explanation of this observation 
is that use of the biopsy technique followed by immediate fixation in 
glutaraldehyde may preserve the vivo structure more accurately than the 
glycerol extraction and fixation which was used by Huxley. A second ex­
planation is that shrinkage or shortening due to osmium tetroxide post-
fixation and subsequent dehydration may cause the very narrow H-zone. 
This explanation seems unlikely in view of the report by Page and Huxley 
(1963) that glutaraldehyde may cause 2-3^ shortening of I-filaments but 
little if any shortening of A-filaments; this change would cause widening 
of the H-zone rather than narrowing. Page and Huxley (1963) also reported 
that acetone caused no shortening of filaments during dehydration but that 
post-fixation with osmium tetroxide after formalin caused up to shorten­
ing. Ericsson et al. (1965) stated that osmium tetroxide used as a post-
fixative after glutaraldehyde did not affect the appearance of tissue and, 
thus, apparently contradicts Page and Huxley's (1963) observation; this 
contradiction was difficult to evaluate because Ericsson did not report 
any observations on muscle. Ericsson also noted that shrinkage could be 
overcome by using glutaraldehyde in steps of increasing concentration. 
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Results of the present study also showed that 480 milliosmoles was the 
optimum strength for fixative solutions. Therefore, use was made of the 
biopsy technique, followed by glutaraldehyde fixation and osmiuc. tetroxide 
post-fixation, both at 480 milliosmoles, to preserve the structure of 
resting muscle. 
Morphology of Post-Mortem Muscle 
Structural characterization of post-mortem muscle was investigated 
by using electron microscopy on intact muscle and phase and electron 
microscopy on isolated myofibrils. For comparison purposes, implications 
of a particular time and temperature treatment on intact muscle and isolat­
ed myofibrils will be discussed together. For example, electron micro­
scopic studies of muscle sampled at death showed the banding pattern of 
relaxed muscle. Wide I-bands and prominent H-zones, consistently seen 
when the biopsy technique was used, indicated that the appearance of rest­
ing muscle had been maintained. Both phase and electron microscopic 
studies of myofibrils isolated immediately after death indicated that they, 
too, were in a relaxed state. 
Muscle stored at 2° and sampled 2h hours post-mortem 
After 2k hours of post-mortem storage at 2°, the muscle observed was 
supercontracted and was similar to the structure observed in neurally-
evoked contraction as described by Hoyle et al. (1965). In sectioned 
muscle, the Z-line appeared to open or become discontinuous and to allow 
the penetration of filaments. The ultrastructure was often distorted and 
difficult to interpret because of an accumulation of material around the 
Z-line area. On some occasions, certain sections had the supercontracted 
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pattern described by Huxley and Hanson (1954) ajid Huxley (1965) in which 
there was no penetration of the Z-line by filamentous material. 
M-lines were infrequently seen in supercontracted muscle; however, 
in Fig. 8a, remnants of the M-line remained and appeared shifted either 
to the right or left of their normal position. If Huxley's technique (1966) 
of obliquely viewing micrographs to obtain certain banding patterns was 
used, it was possible to see a subunit or banding pattern in these remnants 
of the M-line. This structure or substructure may arise from filaments 
connecting the thick filaments and, because these filaments were displaced 
toward opposite Z-lines, lends support to Huxley's postulate concerning 
function of the M-filaments, which is to hold thick filaments in register. 
Phase and electron microscopy of isolated myofibrils with this treat­
ment indicated that they, like the sectioned muscle, were supercontracted. 
As shown by Hoyle et al. (1965), supercontracted myofibrils under the 
phase microscope possess alternating light and dark bands. The Z-line was 
located in the center of the dark band and was usually not visible in the 
phase microscope. Electron micrographs showed an accumulation of filaments 
on both sides of the Z-line which indicated a structural basis for the 
supercontracted pattern seen with phase microscopy. 
Some of this muscle, in contrast to the usual pattern, was not super-
contracted, and thin sections indicated clearly that post-mortem shorten­
ing corresponds structurally with Huxley's model for muscle contraction. 
If the plane of sectioning showed two thin filaments between adjacent 
pairs of thick filaments, four thin filaments were seen in the center of 
the A-band where overlapping of filaments occurred. Thick filaments 
remained straight indicating that sliding rather than crumpling had 
occurred. On the other hand, if the section was cut so that one thin 
filament was seen between adjacent pairs of thick filaments, two thin 
filaments were seen in the area of- increased density in the middle of the 
A-band. 
Muscle.stored at l6° and sampled 24 hours post-mortem 
The next treatment utilized a higher storage temperature. Muscle 
held at l6° and sampled 2h hours post-mortem showed a loss of H-zones and 
shorter I-bands than at-death samples. This observation was in agreement 
with the report by Locker and Hagyard (1963) that bovine muscle ultimately 
shortened 44% at 0°, 10% at l6°, and 26% at 37°; the myofibrils observed 
here also supported the conclusion that post-mortem muscle shortened very 
slightly at l6°. Phase micrographs indicated that I-bands had narrowed, 
and H-zones had been replaced by a dark line. Electron micrographs also 
showed that a small degree of shortening had occurred, with H-zones gone 
or replaced by an overlapping of thin filaments and I-bands slightly 
shortened. 
Muscle stored at 37° and sampled 2h hours post-mortem 
One experiment was conducted on intact muscle stored for 2k hours at 
37° and sectioned for electron microscopy. In this treatment, I-bands 
were gone, and accumulation of filamentous material at the Z-line was 
frequently noted; but penetration of the Z-line by thick filaments was 
not seen in any of the sections examined. On the basis of this experiment, 
post-mortem shortening at 37° was structurally similar to post-mortem 
shortening at 2° although Locker and Hagyard (1963) suggest that two 
different processes are involved at 2°'and 37°. 
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Muscle stored at 2° and sampled 312 hours post-mortem 
Following longer storage times, i.e. 312 hours, the appearance of 
muscle held at 2° showed that the supercontracted state seen after 2k 
hours storage at 2° no longer was present but had been replaced by the 
structure of a moderately contracted muscle. M-lines and their substruc­
ture were restored to a normal position; this suggested that some unique 
reorganization had occurred. Thick filaments were not crumpled against 
Z-lines, but I-bands were narrow; H-zones were replaced by an area of 
increased density due to thin filament overlap. When interpreted in terms 
of Huxley's model, this morphology indicated that a partial relaxation 
had taken place. 
The ultrastructural observations on sectioned muscle stored for this 
time were supported by observations on myofibrils examined in the phase 
microscope. These showed either a narrow H-zone or the supercontracted 
pattern (alternating light and dark bands) which, though observed under 
phase, was not seen after preparation for electron microscopy; possibly 
fixation and dehydration affected the structure. 
Muscle stored at l6° and sampled 312 hours post-mortem 
Storage for 312 hours at l6° caused additional shortening in the 
banding pattern as compared to the 2h hour treatment time. This observa­
tion, too, was in agreement with the previously cited reports that shorten­
ing of bovine muscle was slowest at l6°. Myofibrils from muscle stored 
for 312 hours at l6° had a banding similar to the ultrastructural pattern 
just described for intact muscle. Phase observations made on myofibrils 
showed that more fragmentation had occurred, but the banding was identical 
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to that observed in the 2k hour sample. 
On the basis of the preceding results, post-mortem shortening of 
bovine muscle is caused by a sliding of thick and thin filaments past one 
another in a manner quite similar and probably identical to that suggested 
by Huxley (l96Ua) for physiologically contracting muscle. The ultra-
structural changes accompanying rigor mortis depend on the time and 
temperature treatment with most shortening occurring with storage at 2°, 
very little shortening occurring at l6° and an intermediate shortening 
occurring at 37°. 
Théories of post-mortem shortening 
Several possible mechanisms for post-mortem shortening can be offered 
which will explain part of the structural observations made in this study, 
but none of these explanations fit all the facts available. For example, 
the striking similarity in banding pattern between 312-hour samples at 2° 
and at l6° could be explained if the assumption was made that, in rigor 
shortening, a certain relatively constant number of bonds were formed 
regardless of the temperature. The supercontracted pattern seen after 
storage at 2° and l6° - 2h hours could then be due to reversible tempera­
ture effects on the contractile apparatus. If high or low temperatures 
caused a drastic shortening of the thin filaments, thick filaments bound 
to them in rigor would be forced to crumple against or pass through the 
Z'-line. After a period of time, the contractile apparatus may lose its 
responsiveness to temperature effects, and an elastic nature of the thin 
filaments could partially reverse the supercontracted state caused by 
temperature extremes. This hypothesis assumes that thin filaments are 
quite elastic and undergo major conformational changes during post-mortem 
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shortening. The micrographs showing overlap of thin filaments in the 
center of the A-band (Fig. 8a,b) make this hypothesis unlikely. 
A second possibility for explaining post-mortem shortening is that, 
below 16°, post-mortem shortening represents a true contraction, whereas, 
above l6°, shortening occurs because of thermal shrinkage of collagen 
fibers in the connective tissue surrounding the fiber. This hypothesis 
would offer an explanation for differences observed by Locker and Hagyard 
(1963) in post-mortem shortening at 2° and at 37°. It is also known that 
acidity increases rapidly with post-mortem time at 37°, and it is possible 
that, under conditions of low pH, the thermal shrinkage temperature of 
collagen would be lowered to 37°• However, micrographs of sectioned 
muscle after storage at 37° for 2h hours (Fig. 9b) showed that a change in 
banding pattern had occurred and make this secordpossibility also unlikely. 
Although the first hypothesis was not supported by ultrastructural 
evidence, the possibility that overlap of thin filaments in initial phases 
of contraction is a necessary requisite to temperature influences also 
cannot be dismissed. Therefore it seems apparent that the data obtained 
in this investigation should be supplemented by additional details such 
as calcium localization and ATP utilization and other suggestions on the 
mechanism of post-mortem shortening. 
Other comments should be made in regard to additional changes observed. 
First, membraneous organelles such as mitochondria and elements of the 
sarcoplasmic reticulum were easily identified in electron micrographs of 
sectioned l6° - 312 hour muscle but were nearly totally absent in micro­
graphs of 2° - 312 hour samples; their fate is unknown. Secondly, when 
compared to at-death or 2h hour muscle,- a proliferation of granules that 
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seem quite likely to be largely composed of glycogen occurred during 
storage, particularly, at l6°. Their formation in post-mortem muscle is 
difficult to explain, but the greater frequency of these structures in 
the 16° muscle does indicate a possible temperature-dependent difference 
in biochemical reactions occurring in rigor muscle. 
Trypsin Treatment of jyÇyofibrils 
Structural changes resulting from trypsin treatment were also studied 
with phase and electron microscopy. Control myofibrils appeared to remain 
unchanged structurally when examined by phase microscopy but, in the 
electron microscope, showed a loss of material from the Z-band and a de­
crease in degree of contraction when compared to untreated samples. This 
condition suggests that either trypsin added after ovomucoid is acting very 
rapidly before the ovomucoid can inactivate it or that something other 
than proteolysis is causing some structural alterations. Goll* has ob­
served changes in ATPase activities of these myofibrils when compared to 
the ATPase activities of contracted samples. These changes were not 
affected by substitution of soybean trypsin-inhibitor for ovomucoid or by 
mixing of inhibitor and enzyme before addition to the myofibrils. There­
fore, the enzymic changes in the control must be caused by a property of 
trypsin other than its proteolytic ability. Further electron microscopic 
studies on this phenomenon have not yet been done. It is possible that 
simple addition of a soluble protein, such as bovine serum albumin, may 
*Goll, D. E., Department of Animal Science, Iowa State University, 
Ames, Iowa. Studies on nucleosidetriphosphatase activity of myofibrils. 
Private communication. 1966. 
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cause changes in enzymic activity of the myofibrils without affecting 
their structure and that the structural changes observed earlier were due 
to insufficient inactivation of the enzyme. 
%-ofibrils sampled at death and treated with trypsin for one or two 
minutes indicated that the first change was a loss of Z-lines. This re­
sult might have been expected in view of reports (Perry and Corsi, 1958; 
Huxley, 1963) that tropomyosin was located in the Z-line and that, of the 
myofibrillar proteins, tropomyosin, was the most labile to proteolysis 
(Laki, 1957)» An unexpected observation in the ultrastructural appearance 
of myofibrils exposed to trypsin for one to two mintes was a disrupted 
appearance in which ends of thick filaments were crumpled. Since thick 
filaments were extended in myofibrils sampled at death, an initial reaction 
to trypsin treatment might have been a retraction or crumpling of these 
filaments. Other myofibrils exposed to the same trypsin treatment did not 
exhibit this unusual appearance (Fig. 12d, 13a). Ho apparent difference 
in hydrodynamic density existed between these two types of myofibrils 
because any area in-the-pellet showed the two types adjacent to each other. 
This phenomenon may be related to differences between red and white fibers 
in their reaction to trypsin treatment. Crumpled thick filaments were not 
seen after five minutes of trypsin exposure. After fifteen minutes of 
trypsin hydrolysis, all thick filaments were extended. Where sufficient 
space existed between•sarcomeres, thin filaments extended from the ends 
of the A-band into the I-band area. In other areas, sarcomeres were aligned 
and closely packed, and thin filaments were obscured. However, cross-
sections clearly showed the presence of thin filaments. With this treat­
ment, myofibrils from some areas of the pellet had a decreased electron 
density and fewer thin filaments extended from the A-lband. The decreased 
density appeared to be due to a loss of many thin filaments and some 
material from the thick filaments (Fig, lÀa/b). 
Trypsin treatment of myofibrils from muscle held at 2°. and l6° and 
sampled Zk hours post-mortem resulted in a sequential progression of 
structural changes with increasing time of treatment. When the myofibrils 
were examined by phase microscopy, the first of these changes was a loss 
of the supercontracted pattern and a reappearance of A and I-bands. Two 
dark lines appeared on either side of the former H-zone. These lines 
increased in density, and the space between them decreased in density as 
time of trypsin treatment was increased. Ultr'astructural examination, on 
the other hand, indicated no progression of structural changes, but, in­
stead, a rapid arrival at an altered structural appearance. Two explana­
tions are possible. First, since there was a delay between addition of 
ovomucoid inhibitor and glutaraldehyde fixation necessitated by centri-
fugation to pack the pellet, this delay may have allowed a low level of 
hydrolysis to continue if the inhibitor was not immediately completely 
effective even when added in four-fold excess. Second, fixation procedures 
for electron microscopy may have hastened changes in structural appearance. 
However, both cross and longitudinal sections showed the presence of thick 
and thin filaments after all proteolysis times used in this study. Based 
on these observations, the extension or relaxation of filaments probably 
occurred in a manner similar to Huxley's sliding filament model. 
The end-to-end orientation of seemingly isolated sarcomeres which no 
longer possess Z-lines is difficult to explain, unless thin filaments 
from adjacent sarcomeres become combined or attached in some manner. 
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However, this sbudy has showa that trypsin rapidly removed the Z-line and, 
with prolonged treatment, removed some of the thin filaments from the 
I-hand region. Additional evidence has demonstrated that, even though 
the bond or complex formed in rigor muscle increases the resistance of 
myofibrils to trypsin treatment, supercontracted myofibrils can be relaxed 
by trypsin. 
Other comments that relate to the use of trypsin-treated myofibrils 
seem appropriate. The possibility of using trypsin-treated myofibrils for 
isolation of actin and myosin was not explored in this study but merits 
investigation. After trypsin treatment for five to ten minutes, AIP could 
be added to dissociate the thick and thin filaments. Isolation by density-
gradient centrifugation would allow whole filaments to be studied bio­
chemically or ultrastructurally after negative staining. Rigor-shortened 
myofibrils treated with trypsin also offer an attractive model system to 
study muscle contraction since, in one experimental unit, the researcher 
can examine controlled degrees of contraction and relaxation. 
The studies reported here provide support for the hypothesis that the 
Z-line is composed, to a large extent, of tropomyosin. The large change 
in banding pattern from a supercontracted to a relaxed structure after 
one to two minutes of trypsin hydrolysis also provides an interesting 
system for studying the mechanism of supercontraction. 
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SUMMARY 
Phase and electron microscopy have been used to ^ investigate the 
phenomenon of rigor shortening, and the effect of the proteolytic enzyme, 
trypsin, on pre-rigor and rigor bovine muscle. Samples were taken from 
intact'sëaitéhdihosus muscles immediately after death and after 2k hours 
storage at 2° ^  1° and from its homologue after storage at l6° + 1° or 
37° i 1°. Only muscle stored at 2° or l6° was sampled after 312 hours 
storage. Samples were also removed at these same times for isolation of 
myofibrils using three solvent solutions: l) 0.25 M sucrose, 1 mM EDTA, 
0.05 M Tris, pH 7.6; 2) 0.15 M KCl, 1 mM EDTA, 0.05 M Tris, pH 7.6; 3) 50% 
v/v glycerol, 1 mM EDTA, 0.05 M Tris, pH 7«6. Following observations with 
phase microscopy, aliquots of isolated myofibrils were placed in centrifuge 
tubes, and the myofibrils were sedimented. The pellet was fixed in 2.5% 
glutaraldehyde, post-fixed in osmium tetroxide, and embedded for section­
ing. Samples from intact muscle were similarly fixed after they had been 
securely tied to glass rods to prevent shortening during fixation; short­
ening was not a problem in isolated myofibril fixation since all the ATP 
had been washed out. Only myofibrils isolated with the sucrose medium 
were used for trypsin studies. 
All methods used in this study indicated that bovine muscle sampled 
immediately after death had the structural appearance of resting muscle. 
After 2h hours of post-mortem storage at 2°, both sectioned muscle and 
myofibrils were supercontracted. Less shortening occurred after 2k hours 
of post-mortem storage at 37° than after 2k hours at 2°. Muscle stored 
for 2k hours post-mortem at l6° shortened only slightly as indicated by 
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phase and electron microscopy of myofibrils and electron microscopy of 
sectioned muscle. A very similar ultrastructural appearance in both 
myofibrils and intact muscle resulted from storage at 2° and l6° for 312 
hours post-mortem. At 2° the supercontracted pattern evident after 2k 
hours storage no longer existed after 312 hours but was replaced by a 
mildly contracted pattern. This similarity in appearance between 2° and 
l6°, 312-hour muscle is difficult to explain in terms of commonly accepted 
theories of muscle contraction. The apparent "relaxation" could occur if 
a relatively fixed number of bonds were formed between actin and nQrosin 
during the onset of rigor mortis. The higher degrees of contraction 
observed 2k hours post-mortem at 2° or 37° could be due to a temperature 
effect on either the thick or thin filaments. This temperature effect may 
be partially reversible after loss of ATP from the muscle. Post-mortem 
glycolysis should convert most intramuscular glycogen to lactic acid; 
very little glycogen was observed 2k hours post-mortem. The appearance 
of glycogen or glycogen-like granules after 312-hours storage is difficult 
to explain, particularly, when these granules appeared with greater fre­
quency after storage at l6° than after 2° storage. 
The changes in banding pattern observed after rigor shortening are 
in agreement with those predicted for contracted muscle by Huxley's slid­
ing filament model. In several electron micrographs of sectioned muscle, 
two sets of thin filaments could be seen overlapping in the center of the 
A-band. All methods used in this study indicated that rigor shortening 
was structurally identical to contraction. In view of this fact, rigor 
shortening provides a very attractive system for further studies of muscle 
contraction because rigor shortening is "a relatively slow, temperature-
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dependent process which can be interrupted at various stages. 
Trypsin hydrolysis of isolated myofibrils caused a rapid loss of the 
Z-line, presumably, because tropomyosin, which is the most labile of the 
three major myofibrillar proteins to proteolytic action has been removed. 
The supercontracted pattern of 2°, 24-hour myofibrils disappeared complete­
ly after five minutes of trypsin treatment, and the filaments resumed a 
1 
highly ordered appearance. This effect may be due to the removal of the 
Z-line as a barrier to contraction and subsequent straightening or reorgani­
zation of the thick filaments. Because thin filaments were seen after all 
Z-lines were removed and were still present after 15 minutes of trypsin 
treatment, trypsin hydrolysis of myofibrils could perhaps be used to 
isolate intact filaments for further study. The major structural rearrange­
ment of contracted myofibrils after five minutes of trypsin treatment also 




1. Post-mortem shortening of "bovine muscle stored at either 2° or 37° is 
accompanied by changes in banding patterns which, when compared with 
Huxley's sliding filament model of contraction, indicate that post-mortem 
shortening is structurally identical to contraction. 
2. The ultrastructural changes accompanying rigor mortis depend on the 
time and temperature treatment with most shortening occurring upon storage 
at 2°, very little shortening occurring at l6°, and an intermediate 
shortening occurring at 37°. 
3. Trypsin treatment of myofibrils quickly removes the Z-line and, with 
prolonged treatment, removes thin filaments from the I-band region. 
4. The bonds or complex formed in rigor increase the resistance of 
myofibrils to hydrolysis by trypsin. 
5. Myofibrils isolated at death and at different times post-mortem by 
using KCl, glycerol, and sucrose solutions appear structurally similar to 
sectioned intact muscle. Sucrose-isolated myofibrils show slightly 
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